Oil-in-water (O/W) emulsions are widely used in tandem cold rolling mills as coolants in order to reduce frictional forces and prevent heat scratches. Although the lubricating properties of O/W emulsions are determined by various factors, two particularly important ones are the amount of plate-out oil on the strip surface and the dynamic concentration mechanics of the emulsion at the inlet of roll bite, which has been a subject of much interest since the 1970s.
Introduction
Oil-in-water (O/W) emulsions are generally used in tandem cold rolling mills as lubricants, as they provide good lubricity and cooling performance. Lubricants are supplied by either a recirculation system or a direct application system. Recirculation systems are mainly applied to sheet gauge mills, while direct application systems are mainly applied to high-speed rolling mills for thin steel strip. In recirculation systems, 1-3% steady emulsion is used in the same system for the functions of lubrication and cooling. In direct application systems, 5-15% emulsion is used for lubrication, and water is used for work roll cooling.
As pointed out in various studies, the dynamic concentration theory and the plate-out theory are known as mechanisms of lubrication by the emulsion. The dynamic concentration theory is based on the idea that, once the roll bite traps the oil droplets of the emulsion, the concentration of the oil increases while excluding water in the roll bite. This theory has been widely reported by Kimura et al., 1) Wilson et al. 2) and Azushima et al. 3) since the 1980s. On the other hand, the plate-out theory is based on the idea that the oil phase in the emulsion is only formed on the strip surface. This theory was reported by Roberts et al. 4) in the 1970s. Recently, an estimation model for oil film thickness has been proposed using a new starvation model considering the plate-out film on the roll and strip surfaces, as proposed by Inagaki et al. 9) Also, Kimura et al. 10) reported plate-out oil film formation on the strip surface during a very short time.
Although the oil film in the roll bite is determined by various factors including emulsion conditions and surface roughness, many studies have focused only on a single phenomenon.
This paper proposes a new method of evaluating the relationship between plate-out oil and lubrication characteristics using a newly-developed simulator, which enables control of plate-out oil before rolling. Using the proposed simulator, lubrication characteristics were evaluated for multiple conditions including strip roughness and work roll roughness.
Experiments

Conventional Plate-out Method
Plate-out theory assumes that the oil in an emulsion adheres on the lipophilic surface of the strip while excluding water when the emulsion is in contact with the strip surface, as schematically represented in Fig. 1 .
Attempts to evaluate the plate-out theory have been variously evaluated, and the influence of the emulsion supply condition and strip temperature was investigated. © 2012 ISIJ However, because plate-out film formation displays time dependence, the oil in the emulsion is separated gradually over time. For this reason, it is important to consider the plate-out oil film which is formed in a very short time on the lipophilic surface of the steel.
In order to evaluate the plate-out oil film formed in a very short time, Kimura et al. 10) developed the test machine shown schematically in Fig. 2 . A test piece is dropped from a certain height, and emulsion is supplied in its path. An airblowing nozzle is set under the emulsion supply to blow away the emulsion that has not been plated-out as a complete oil film. The plate-out oil film on the test piece is evaluated as the oil film formed during the drop time between the emulsion spray and the air spray. The time to inversion can be controlled by adjusting the distance between these two nozzles and the counter weight.
However, the plate-out oil film in Fig. 2 is only a reproduction of the oil film formed in the time from emulsion supply to roll bite, and does not give a clear understanding of the influence of a certain level plate-out oil film on rolling lubrication. This is an important factor when considering the lubrication mechanism in tandem cold rolling mills.
Proposed Simulator
A proposed simulator was designed to investigate the influence of plate-out oil film on lubrication characteristics in cold rolling, as schematically represented in Fig. 3 .
This simulator is set up at the entry section of a two-high rolling mill, and can control the amount of plate-out oil film on the test piece before rolling. The heater and the spray box are arranged in the rolling direction. A sheathed heater is adopted as the heating process, and the strip temperature in actual tandem cold rolling mills is reproduced by heating the test piece.
The spray box contains an emulsion spray nozzle and an air-blowing nozzle. Emulsion is supplied in the rolling path, and the air-blowing nozzle is positioned after the emulsion supply. The emulsion that has not been plated-out as a complete oil film is blown away by the air jet.
The entry speed of the test piece can be controlled by a programmable electric slider, and the amount of plate-out oil film can be changed by controlling the emulsion spray condition and the entry speed of the test piece in the spray box. This makes it possible to evaluate the relationship between the plate-out oil film formed at various rolling speeds and rolling lubrication.
In order to reduce deviations in experiments, a partition for preventing interference of the emulsion spray and the air jet was used.
As the electric slider is gripping the edge of the test piece, emulsion is uniformly supplied to the surface of the test piece without interference by the grip part.
When the test piece is rolled, there is a possibility of damaging the electric slider by rolling impact. Therefore, a striker was provided to remove the grip between the test piece and the electric slider in the entry section of the two-high rolling mill. The position of the striker is adjusted so the grip on the test piece comes off immediately before roll bite.
Experimental Procedures
The composition of the rolling oil used in the experiments is shown in Table 1 . The rolling oil consists of a refined vegetable oil, synthetic ester and nonionic surfactant as the emulsifier. In this experiment, the plate-out oil film on the test piece was controlled by the make-up condition and supply condition of the emulsion, as shown in Table 2 .
A sufficient amount oil was add to 55°C water and mixed in a high-speed mixer to control the oil droplets. The emulsion supplied from the spray nozzle was gathered with a beaker, and the oil droplet distribution was measured by the electrical sensing zone method (Multisizer 3 coulter counter).
The test material was a bright SPCC steel with surface roughness of 0.02 μmRa. The test piece was moved in the heater shown in Fig. 3 by programmable control of the electric slider. The temperature of the test piece was measured with a thermocouple set in the heater, and the test piece was introduced into the spray box on reaching a prescribed temperature.
To measure the amount of plate-out oil film, after the test piece had passed through the spray box under the emulsion supply condition in Table 2 , the piece was stopped at the entry section of the rolling mill. The amount of oil film per unit of area was then calculated from the weight difference ISIJ International, Vol. 52 (2012), No. 5 before and after removing the oil. The mean value of five test pieces was used as the amount of plate-out oil film in order to reduce deviations in the measured data due to handling when removing the oil.
The diameter of the work roll was φ500 mm, which is the diameter in actual tandem cold rolling mills, as shown in Table 3 . Two work roll surface roughness conditions were used (0.2 μmRa and 0.02 μmRa). Experiments were performed at various rolling speeds up to 600 m/min. The temperature of the test piece was set at 100°C to consider the dependence of lubrication characteristics on the strip temperature in tandem cold rolling mills. The emulsion for roll bite was supplied and stopped depending on the experiment.
Experimental Results
Control of Plate-out Oil Film
The amount of plate-out oil film and the difference of the plate-out oil film on the upper and lower surfaces were investigated by controlling the emulsion supply conditions. Figure 4 shows the amount of plate-out oil film on the test piece after passing through the spray box.
In this figure, the amount of plate-out oil film was widely controlled by the emulsion supply conditions. On the other hand, the amount of plate-out oil film on the upper and lower surfaces formed uniformly and was within the range of the error bar showing the measurement differences of the five test pieces.
The time dependence of plate-out oil film formation in a very short time was also investigated by the conventional method. Figure 5 shows the time dependence of plate-out oil film formation by the conventional method and the proposed simulator. In the conventional method, the formative time of the plate-out oil film was controlled by adjustment of the drop speed using the counterweight, whereas, in the proposed simulator, the formative time of the plate-out oil film was controlled by the entry speed of the electric slider. As the emulsion supply area on the test piece surface was controlled by the entry speed of the electric slider, the emulsion supply conditions were controlled so that the amount of oil in the supplied emulsion would be constant per unit area of the test piece.
In this figure, the plot of each concentration obtained with the conventional method and the proposed simulator shows the same correlation. Thus, it was found that the proposed simulator was able to evaluate the phenomenon of plate-out oil film formation in a very short time. From these experimental results, the amount of plate-out oil film increased with elapsed time from the emulsion spray to air blow. Moreover, when the concentration of the emulsion was increased, the time dependency of the plate-out oil film increased greatly. Figure 6 shows the influence of the plate-out oil film before rolling on the rolling force. Although the proposed simulator was able to supply the emulsion as a coolant for Line speed in spray box (mm/s) 1 500 1 500 600 500 266 roll bite, an experiment was performed without supplying the roll bite coolant in order to evaluate only the influence of the plate-out oil film on the test piece surface. The surface roughness of the work roll was 0.2 μmRa, rolling reduction was 25% and rolling speeds up to 600 m/min were used. In Fig. 6 , the amount of plate-out oil film on the horizontal axis is the mean value of the upper and lower surfaces. In Fig. 6 , the rolling force decreased as the amount of plate-out oil film on the test piece surfaces increased from dry rolling, i.e., rolling with no plate-out oil. However, the decrease of rolling force became saturated over a plate-out oil film of 500 mg/m 2 . When the rolling force is saturated, it is conjectured that the inlet oil film thickness in the roll bite is saturated. This means that plate-out oil exceeding a certain level is not trapped in the roll bite. Figure 7 shows the influence of the plate-out oil film on cold rolling for the work roll roughness of 0.02 μmRa. In Fig. 7(a) , the same tendency as in Fig. 6 was observed in rolling at 600 m/min with a small amount of plate-out oil film. However, when the amount of plate-out oil exceeded 500 mg/m 2 , work roll slip occurred. Because the work roll roughness was small, it is thought that the ratio of hydrodynamic lubrication increased as the contact ratio between the work roll and the test piece decreased. Work roll slip did not occur at the rolling speed of 150 m/min, as shown in Fig.  7(b) , but as in the result in Fig. 6 , the decrease of rolling force became saturated when the amount of plate-out oil exceeded a certain level.
Relationship between Plate-out Oil Film and Rolling Force
The cold-rolled test pieces in Fig. 7 were cut and their surfaces were observed by the confocal laser scanning microscope (Olympus OLS1200). Figure 8 shows the dependence of oil pit on the plate-out oil film. In the experiment on Fig. 7 , both the work roll and the test piece had bright surfaces. Therefore, the texture observed on the surface of the test pieces after rolling can be considered to be an oil pit formed during rolling. When the rolling speed is slow, e.g., 150 m/min, the oil pit on the surface of the test pieces shows little increase as the amount of plate-out oil increases. On the other hand, when the rolling speed was 600 m/min, the oil pit on the surface of the test pieces increased with increases in the inlet oil film in the roll bite. From this, it is thought that an increase in the inlet oil film causes work roll slip.
Comparison with Analytical Oil Film Thickness
In the above-mentioned experiment, it was estimated that the inlet oil film in the roll bite became saturated when the amount of plate-out oil before rolling exceeded a certain level. To investigate the validity of the experiment, the inlet oil film model proposed by Azushima et al. 11) was verified. A plate-out oil film was used as the initial oil film thickness in Fig. 9 . When the pressure of the oil film reaches the yield stress of the test piece, the inlet oil film thickness in the roll bite is given by Reynolds equation, as shown in Eq. (2) where, P is the rolling pressure, h is the oil film thickness, U1 and U2 are the speed of the test piece and the speed of work roll, respectively, θ is the gap angle between the test piece and the work roll, η0 is the reference viscosity of the ISIJ (4) where, σ0 is the yield stress of the test piece. The hydrodynamic oil film thickness h1 can be calculated by solving the differential equation in Eq. (1). The parameter in Table 4 was used for the analysis of the inlet oil film thickness. In Table 4 , the temperature coefficient β was calculated from the kinematic viscosity at the temperature of two points, and the pressure coefficient α was calculated by the Wu and Klaus equation 12) expressed as follows:
.......... (5) ...... (6) where, m is the temperature coefficient in the ASTMWalther equation in Eq. (5), and νTm is the kinematic viscosity at the average temperature between the test piece and the work roll. ν40°C and ν70°C are the kinematic viscosities at 40°C and 70°C, respectively. Figure 10 shows the relationship between the inlet oil film thickness and the plate-out oil film thickness. It was found that the inlet oil film thickness gradually became saturated as the plate-out oil film increased. In Fig. 6 , the point where the plate-out oil film at 500 mg/m 2 began to saturate the rolling force corresponded to the point where the calculated inlet oil film began to saturate. Therefore, saturation of the rolling force with increasing plate-out oil film thickness in the experiment can be interpreted as a result of the prevention of hydrodynamic oil trapping in the roll bite.
Influence of Test Piece Roughness
In tandem cold rolling mills, the surface roughness of the strip changes at each stand. Therefore, it can be presumed that lubrication characteristics will also change depending on the conditions of mixed lubrication. The relationship between the amount of plate-out oil film and rolling force was evaluated when the surface roughness of the test piece was changed. Figure 11 shows the influence of a dull surface and a bright surface on the plate-out oil film. Before the rolling experiment, there was no difference in the deformation resistance of the two surfaces.
In Fig. 11 , the rolling force with both the dull surface and the bright surface decreased with an increase of the plateout oil film on the test piece surface, and in both cases, the rolling force became saturated when the amount of plate-out oil exceeded a certain level. Although the saturated rolling force with the dull surface was slightly higher than that with the bright surface, the saturation points were substantially similar with the two surfaces. When the amount of plate-out oil film is less than 500 mg/m 2 , it can be conjectured that the lubrication characteristics are starved, whereas, when the amount of plate-out oil film is more than 500 mg/m 2 , it is thought that the lubrication characteristics are fully flooded. In Fig. 11 , when the surface roughness of the test pieces was changed, the plate-out oil film that was transferred from the starved lubrication condition to flooded lubrication showed no difference. Therefore, it can be concluded that the influence of strip surface roughness on hydrodynamic trapping in the roll bite is insignificant. Figures 12(a) and 12(b) show the influence of rolling speed on rolling force for work roll roughnesses of 0.02 μmRa and 0.2 μmRa. In Fig. 12(a) , although the rolling force at the rolling speed of 150 m/min increased slightly when the amount of plate-out oil exceeded 500 mg/m 2 , no clear influence of rolling speed on rolling force could be seen, and the rolling speed was saturated.
Influence of Rolling Speed
On the other hand, in Fig. 12(b) , work roll slip occurred when the amount of plate-out oil exceeded 500 mg/m 2 and the rolling speed exceeded 600 m/min. Although the influence of rolling speed on rolling force was not clear, it can be conjectured that trapping of the oil film in the roll bite is increased by an increase of rolling speed.
Discussion
Relationship between Plate-out Oil and Friction
Coefficient The relationship between the plate-out oil on the strip surface and rolling characteristics was investigated using the proposed simulator which enabled control of the plate-out oil formed by O/W emulsions.
In the experiment on the effect of the plate-out oil film on cold rolling, as shown in Fig. 6 , if an amount of plateout oil exceeding a certain level was formed on the strip surface, rolling force was saturated. From a comparison with the experimental results shown in Fig. 10 , it is thought that an amount of plate-out oil exceeding a certain level is not trapped in the roll bite. It can be interpreted that the lubrication characteristics transferred from starved lubrication to flooded lubrication. Therefore, it is thought that a sufficient lubrication effect cannot be achieved, even if the lubrication characteristics are controlled by changing the emulsion supply conditions before rolling. However, from the experimental results shown in Fig. 11 , it was surmised that transfer of the lubrication conditions from starved lubrication to flooded lubrication does not depend on the test piece roughness.
On the other hand, from the experiments on the effect of work roll roughness and rolling speed shown in Figs. 6 and 7, it was found that work roll slip occurs when the surface roughness of the work roll is small, even if the same amount of plate-out oil film is formed. In this case, it is thought that the lubrication characteristics in the roll bite are changed. Moreover, from the experiment on the effect of the rolling speed in Figs. 7 and 8 , formation of oil pit on the strip surface increased with increasing rolling speed, and work roll slip occurred. In other words, lubrication characteristics change depending on the work roll roughness and rolling speed, even assuming the amount of plate-out oil film is the same.
To evaluate the influence on such lubrication characteristics, the friction coefficient was calculated by measuring the forward slip ratio in cold rolling. Forward slip reflects the lubrication characteristics in the roll bite and is defined by (VO-VR)/VR, where VO is the exit speed of the test piece and VR is the rolling speed.
Measurement of forward slip was calculated by (lS-lR)/lR, where lS is the distance between the marks left by scratches on the work roll and lR is the distance between the two marks on the work roll surface. Figure 13 shows the relationship between the friction coefficient and inlet oil film thickness, which was changed by rolling using different work roll roughnesses and test piece roughnesses. The horizontal axis shows the inlet oil film thickness calculated from the plate-out oil film thickness and rolling conditions and that calculated using Eq. (1). The vertical axis is the friction coefficient calculated by the Orowan model using the measured forward slip and rolling force. The plot is divided at the boundary of a plate-out oil film of 500 mg/m 2 , at which rolling force reached saturation in the experiments.
When the amount of plate-out oil film is more than 500 mg/m 2 , the relationship between the calculated inlet oil film thickness and friction coefficient has a constant correlation, and the friction coefficient decreases with an increase of the inlet oil film thickness. That is, the friction coefficient in flooded lubrication depends on the hydrodynamic inlet oil film, and it is thought that the oil film which is trapped mechanically by the strip surface does not have a clear influence. On the other hand, when the amount of plate-out oil film was less than 500 mg/m 2 , the influence of surface roughness appeared. For example, when the surface roughness of the work roll is small and the test piece surface is bright, the relationship between the calculated inlet oil film thickness and friction coefficient substantially corresponds to the relationship predicted under flooded lubrication. However, when the work roll roughness was large (0.2 μmRa), it was found that the friction coefficient does not depend on the calculated inlet oil film thickness. In addition, when the work roll roughness was large, it was also found that the influence of the surface roughness of the test piece was not particularly great, even though the difference in the friction coefficient was large.
The results described above show that the influence of work roll roughness and influence of test piece roughness need to be separated in order to evaluate mixed lubrication in the roll bite. This suggests the possibility that the frictional condition in the roll bite cannot be correctly evaluated using only the synthetic roughness in the roll bite.
Although the reason why the dependency of work roll roughness and test piece roughness is different is still not clearly understood, it is necessary to investigate the influence of micro hydrodynamic lubrication, including changes in the surface texture in the roll bite and restraint of the inlet oil film by work roll scratches.
In addition, when the lubrication characteristics are controlled by the emulsion supply conditions before rolling, both starved lubrication and the proper selection of work roll roughness are important, as shown by the results presented above.
In this research, the amount of plate-out oil film at 500 mg/m 2 , where the influence of surface roughness changed greatly, is a numerical value obtained using a combination of the proposed simulator and the experimental conditions. It must be noted that this is a relative value that shows the above-mentioned phenomenon, and is not an absolute value.
Emulsion Supply for Roll Bite
As mentioned above, it was found that an examination of the influence of the plate-out oil film on lubrication characteristics must consider the trapping condition of the oil film in the roll bite and work roll roughness. However, in actual tandem cold rolling mills, emulsion spray for lubrication and cooling is supplied in the roll bite, and it is necessary to consider these influences.
In tandem cold rolling mills, the lubrication characteristics at each rolling stand may be influenced by the plate-out oil on the strip surface, the plate-out oil on the work roll surface, and the dynamic concentration behavior of the emulsion, but it is not clear which factor has the main influence.
To evaluate the influence of such combined factors, rolling characteristics were investigated by the supply of emulsion for the roll bite. To simulate the comparatively steady emulsion used in recirculation systems, the emulsion concentration was kept at 1.5%, and the size of the oil droplets was kept at 8 μm. The total flowing rate of the emulsion spray was 12 L/min for the roll bite. Figure 14 shows the influence of emulsion spray to the roll bite on rolling force. In this figure, the open plots show the case where the emulsion spray is not supplied to the roll bite, and the solid plots show the case where the emulsion spray is supplied. In the experimental conditions, when the emulsion spray for the roll bite is supplied, the rolling force becomes saturated independent of the amount of the plateout oil film before rolling, and when the emulsion spray for roll bite is not supplied, the rolling force converges on the rolling force in flooded lubrication.
That is, in tandem cold rolling mills, it suggested that the lubrication characteristics in the following stand might depend only on the emulsion supply condition in that stand, even if plate-out oil is carried over from the preceding stand. However, lubrication characteristics may be changed by the plate-out oil formed on the strip and the condition of emulsion supply for the roll bite, regardless of whether the plateout oil carried over from the preceding stand influences the lubrication characteristics at the following stand or not. Moreover, whether the lubrication characteristics in the following stand are starved lubrication may also be related.
Thus, it is possible to understand the tribological phenomena in actual cold rolling by the proposed method, which enables control of the amount of plate-out oil film before rolling.
Conclusions
A new rolling simulator for evaluating the relationship between plate-out oil and lubrication characteristics was proposed, which enables control of the amount of plate-out oil before rolling, and the influence of emulsion supply conditions before rolling on lubrication characteristics was quantitatively evaluated. The influence of the amount of plate-out oil on the rolling force and friction coefficient was evaluated when the strip roughness, the work roll roughness, and the rolling speed were changed. The results obtained were as follows:
(1) Although the lubrication characteristics transferred from starved lubrication to flooded lubrication when the amount of plate-out oil before rolling was increased, it was found that the rolling force became saturated when the amount of plate-out oil exceeded a certain level.
(2) When the amount of plate-out oil exceeds a certain level, it was found that the friction coefficient depends on the calculated inlet oil film, independent of strip surface roughness. Moreover, when the work roll roughness is small, a similar relationship was seen under a starved lubrication condition. Therefore, there is a possibility that the friction coefficient can be roughly predicted by analyzing (3) When the work roll roughness is rough, the abovementioned tendency changed, in that it was no longer possible to predict the friction coefficient from the inlet oil film thickness, and the influence of the test piece roughness is not particularly great. Therefore, it is necessary to separate the influence of strip surface roughness and the influence of work roll roughness when evaluating lubrication characteristics in the roll bite.
(4) In tandem cold rolling mills, it is necessary to consider the influence of plate-out oil carried over from the preceding stand on the lubrication characteristics of the following stand. It is thought that the lubrication characteristics are influenced complexly by the plate-out oil on the strip, the plate-out oil on the work roll, and the dynamic concentration of the emulsion. If each factor is evaluated individually using the proposed method, it is suggested that clarification of the mechanism of emulsion lubrication in actual cold rolling may be possible.
